The nondestructive inspection of a high temperature structure is required in order to guarantee its safety. However, there are no useful sensors for high temperature structures. Some of them cannot work at temperatures over 50˚C. Another concern is that they are too expensive to use. A sensing system, which can transmit and receive an ultrasonic wave that travels a long distance using a long waveguide, has been studied. We confirmed that the optimal guided ultrasonic wave could travel more than 10 m using an electromagnetic transducer (EMAT) with a thin Ni-sheet surrounded on the surface of the bar and a 2-mm diameter bar as the waveguide. However, we had the difficult problem of receiving the reflected ultrasonic wave from the inside of a test specimen. We tried to improve the trial inspection system using an acoustic horn. An experiment in which the temperature of the test block was heated to about 500˚C has now been completed. Finally, the condition of the bend in the waveguide to pass without reflection was confirmed.
Introduction
Ultrasonic methods employing piezoelectric ultrasonic transducers (UTs) are widely used for the real-time, in situ or off-line non-destructive evaluation (NDE) of large metallic and polymeric composite structures including airplanes, automobiles, ships, pressure vessels, and pipelines. Their advantage includes a subsurface and inner inspection capability, high inspection speed, simplicity, and cost-effectiveness. Common limitations of the cur-rent UTs are the requirement of a couplant and their difficult use at high temperatures (HTs). However, for the in-line monitoring of industrial processes and the NDE of the structures mentioned above, UTs are often required to operate at HTs [1] [2] . However, there are no useful sensors for a high-temperature structure. Some of them cannot work at temperatures over 50˚C. Another concern is that they are too expensive to use. Therefore, the sensing system, which can transmit and receive an ultrasonic wave that can travel a long distance using a long waveguide, has been studied. The developed system suggests that an ultrasonic sensor could work at atmosphere temperature for a long time.
Basic Idea for the Measurement of a High-Temperature Structure
There are many sensing systems including an ultrasonic wave sensor for inspecting a normal temperature structure. However, it is difficult to use a general ultrasonic wave sensor for high-temperature structure measurements. The non-contact sensor, which is applicable for high temperature structures, includes an electromagnetic ultrasonic acoustic transducer (EMAT) using an electromagnetic force. However, it requires a cooling system which has many problems. In addition, there is the laser ultrasonic wave, which is a non-contact sensor, but its performance is unstable and very expensive. As shown in Figure 1 , this sensing system transmits and receives an ultrasonic wave from a long distance using a long waveguide which is a bar with a small diameter. As a result, an ultrasonic sensor could be used at ambient temperature. Actually, a guide wave in a bar, the L(1) mode, as one of the ultrasonic modes was selected because the distance attenuation characteristic, which shows a decrease in an ultrasonic wave as it travels in a bar, was said to be lower than any other ultrasonic wave modes, for example, a longitudinal wave.
Temperature Influence Analysis of the Wave Guide
The temperature distribution along a bar was calculated in order to determine the length of a wave guide which could be used in the preliminary experiment. As the temperature of the high-temperature structure, 600˚C was assumed and evaluated. Figure 2 shows the analysis model. The temperature distribution along a bar was analysed using this analysis model as the heat transfer of a fin. For the thermal conductivity conditions of iron: (1) is shown in Figure 3 . As a result of the evaluation, if the length of the bar is over 500 mm, the temperature at the opposite side of a bar is almost room temperature. Therefore, the basic preliminary experiment was done using the bar with a 500 mm length.
Drive Principle of a Guide Wave in a Bar
Generally, the oscillation component of a guide wave in a bar is mainly parallel to the axis direction under the conditions in which the wavelength is much longer than the diameter of the bar. This means that a guide wave sensor has to generate a force in which the vibration direction is parallel to the long direction of the bar. Actually, 3 types of ultrasonic sensors has been compared in order to meet our objective as shown in Figure 4 . First, it is a method to generate a guide wave using the end face of the bar by the PZT-type as shown in Figure 4(a) . A longitudinal wave was injected into the bar from the end surface and transformed into a guide wave. Next, we tried to vibrate the side surface of the bar using an EMAT. The EMAT uses the change in the magnetostriction as the drive force mainly in the case of ferromagnetic materials. A magnet was used to generate a static magnetic field in order to allow the maximum change in the magnetostriction. In addition, a high frequency electrical current was imposed on an electromagnetic induced coil in order to generate a dynamic magnetic field which is superimposed on the static magnetic field. The change in the magnetostriction is converted into an ultrasonic wave. On the other hand, the electromagnetic induced coil for the receiver could detect the ultrasonic wave based on the electromagnetic induction phenomenon [3] - [7] . The drive principle of an EMAT generating a guide wave in a bar is shown in Figure 4 (b). The EMAT is composed of an electromagnet, which can generate a static magnetic field along the axis direction of the bar, and a circular-shaped sensor coil, which can generate a dynamic magnetic field along the axis direction of the bar. A compound magnetic field can oscillate along the axis direction of the bar, which is needed to generate a fundamental guide wave in the bar.
Finally, a method to use a thin Ni-sheet as a vibration source, actually, a thin Ni-sheet was attached by covering the side surface of the steel bar using adhesive as shown in Figure 4 (c), adding the EMAT which is used as a drive force and a receiver as shown in Figure 4 (b), because the magnetostriction of Ni was usually said to be greater than a that of a steel. Figure 5 shows the experimental setup. A high frequency and power electrical signal of 200 V p-p and up to 2 MHz was generated using a function generator which can inject a burst type-sine wave and a powered amplifier. A power supply of 40 V max and 3 A max was also used to drive the electromagnet. The received signal was amplified by a pre-amplifier of 40 dB-amplification and a main amplifier of 60 dB-amplification. The signal was observed by an oscilloscope and evaluated by a CPU.
Experimental System

Experimental Results
Selection of the Waveguide
We first tried to determine the specification of the steel bar used as the wave guide using the EMAT as shown in Figure 4 (b). The reflected ultrasonic wave signals at the opposite side using many bars with 0.5 -4.0 mm diameters and 500 mm length were measured to determine the most suitable diameter of the bar to be used as the waveguide, while changing their driving frequency from 200 kHz to 1 MHz. Specifications of the electromagnet used in the experiment are shown in Table 1 . Many trial sensors with different number of turns were fabricated to determine the best coil, which means that the highest received signal was detected. The specifications are shown in Table 2 . As a result of the experiment, the transmitter coil with 10 turns and the receiver coil with 75 turns were selected for a 2 mm diameter bar. The optimum drive frequency increased as the diameter decreased as shown in Figure 6 (a). Next, the signal amplitude was the highest for a 2 mm diameter bar as shown in Figure 6(a) . However, the distance attenuation was the lowest between 1.5 -4.0 mm diameters for the bar as shown in Figure 6(b) . As a result, the longest traveling distance, that was judged as the distance that the signal amplitude was 2 times higher than that of the noise signal, was achieved using a bar of 2-mm diameter and 200 kHz drive frequency as shown in Figure 6(b) . 
Selection of Ultrasonic Sensors
We tried to select one of 3 types of ultrasonic sensors as shown in Figure 4 . The experiment was conducted using the experimental system shown in Figure 5 . The bar with a 2 mm diameter and 500 mm length and 200 kHz drive frequency was used as the best condition which has been selected using the EMAT. A PZT element with 2 mm diameter, 10 mm thickness, and 200 kHz optimum frequency was used to check the received signal. The element was attached on the end surface of the bar using an adhesive. The drive frequency was driven at 200 kHz. The Ni sheet with a 30 mm length and 0.15 mm thickness was then attached at the position from the edge to 30 mm, around the surface of the bar using an adhesive as the sensor in Figure 4(c) . Finally, the 3 signals were compared as shown in Figure 7 . The received signal by the Ni-sheet sensor was the highest among the 3 sensors and has a sharp waveform compared to the result by the PZT sensor. Figure 8 shows the received ultrasonic wave signal reflected at the opposite side of the waveguide using the waveguides of 2 m and 10 m by the Ni-sheet sensor after optimization of the sensor. The 10 m waveguide was fabricated by welding five steel bars of 2 m each. The received signal with a good S/N was detected even if the waveguide of a 10 m length was used as shown in Figure 8 (b).
Acoustic Horn for Thickness Measurement
The attempt to detect the received ultrasonic signal reflected from the bottom of a test block of 100 mm thickness using a waveguide of 500 mm length is shown in Figure 9(a) . The result is shown in Figure 9(b) . The received signal reflected at the bottom of the test specimen must be detected between the 1 st reflected signal and the 2 nd reflected signal at the bottom edge of the waveguide, which means between 200 μs and 300 μs on the horizontal axis of Figure 9(b) , if the performance of the sensor is sufficient to detect the signal. As a result, it was difficult to detect the reflected ultrasonic wave at the bottom surface of the test block using only the waveguide.
As the reason, the spread of the ultrasonic beam has been considered. As shown in Equation (2), which denotes the directivity angle of the ultrasonic beam, if the injection area of an ultrasonic wave is smaller, the angle of the beam spread increases. This means that the waveguide with the 2 mm diameter is too small as the ultrasonic wave source. According to Equation (2), the directivity angle becomes more than 360 degrees if the 200 kHz drive frequency and the 2 mm diameter bar were use. It turned out that it is necessary to use an acoustic horn which helps the transmission efficiency of the ultrasonic wave between the test block and the waveguide [8] . Figure 11 is a summary of the results using two types of acoustic horns with many different specifications. In the case of the cylindrical shaped acoustic horn, the diameter ranged from 4 mm to 30 mm and the height was the same as the wavelength of the guide wave of 20 mm. In the case of the conical-shaped acoustic horn, the diameter ranged from 4 mm to 30 mm and the height ranged from a half wavelength to a wavelength. The scale of the horizontal axis number from 1 to 4 shows the results of the cylindrical horn and the scale of the horizontal axisnumber from 5 to 10 shows the results of the conical horn. The scale of the vertical axis shows the received signal amplitude (S/N) reflected at the bottom surface of the test block due to the difference in the acoustic horn specifications. The best signal was obtained using the conical acoustic horn with a 20 mm diameter and 0.5 wavelength height. Figure 12(a) shows the reflected ultrasonic wave signal using a cylindrical horn of 20-mm diameter and a half-wavelength height. Figure 12(b) shows the reflected ultrasonic wave signal using a conical horn of 20-mm diameter and a half wavelength height. The received signal reflected on the opposite surface of the test specimen, when the cylinder horn was used, was much lower than that of the conical horn. It indicated that the conical horn was better that the cylindrical horn.
Influence of Increasing Temperature
The test block was heated to confirm whether the trial ultrasonic sensing system was useful. Figure 13 shows the experimental system. A steel bar of 500 mm length was used as the waveguide. Thermostat chambers, which can be heated to 1100˚C, were used in this experiment. The test block and the opposite side of the waveguide was installed in the thermostat chambers. As the experimental results, it was confirmed that the temperature at the place where the EMAT was attached was under 35˚C, even if the test specimen and the opposite side of the waveguide were heated to 500˚C as shown in Figure 14 . As a result, the ultrasonic sensing system was confirmed to be able to measure the received ultrasonic wave signal without being influenced by the temperature of the test block. 
Influence of Bent Part
When we tried to apply this technique to a structure in the field, it was difficult to use only a straight waveguide. The influence of the bent part of the waveguide as shown in Figure 15 (a) was then evaluated. As a result, if the curvature radius is under 20 mm, the reflected signal at the bend was clearly detected as shown in Figure 15(b) . The influence of the relationship between the reflected signal at the bend, the curvature radius, and the bending angle was evaluated. Figure 15(c) shows examples of the waveguides with the same curvature radius and different bending angles. It was confirmed that it was independent of the bending angle if the curvature radius was over 20 mm. 
Conclusion
An ultrasonic sensing system using a long waveguide, a conical acoustic horn, and an acoustic horn based on Snell's law was used to perform a nondestructive inspection of a high temperature structure. First, we tried to determine the proper ultrasonic sensor by comparing 3 types of ultrasonic sensors. As a result, the ultrasonic sensor to drive a thin Ni sheet attached to the side surface of the steel bar using a dynamic and static magnetic field was selected. The specification and drive condition of the steel bar for a waveguide were then determined using a steel bar with a 0.5 mm -6.0 mm diameter. The results were a 2 mm diameter and 200 kHz. Next, the acoustic horn of 20-mm diameter and half wavelength height was selected to transmit and receive an ultrasonic wave with a good efficiency. The reflected signal at the bottom surface of the test specimen was confirmed using these systems. Next, the influence of the waveguide was investigated. If the bend in the waveguide becomes sharp, the reflected signal at the part will be detected. However, it was also confirmed that the reflected signal at the bend could not be detected if the curvature radius was over 20 mm. Finally, the sensor part was confirmed to be driven at room temperature based on a high temperature experiment. Although the performance must be improved, these results indicated that a new nondestructive inspection system could be possible for use with a high temperature structure. 
